Reservoirs operation alters the natural flow regime at downstream site and thus has a great impact on the design flood values. The general framework of flood regional composition and Equivalent Frequency Regional Composition (EFRC) method are currently used to calculate design floods at downstream site while considering the impact of the upstream reservoirs. However, this EFRC method deems perfect correlation between peak floods that occurred at one sub-basin and downstream site, which implicitly assumes that the rainfall and the land surface process are uniformly distributed for various sub-basins. In this study, the Conditional Expectation Regional Composition (CERC) method and Most Likely Regional Composition (MLRC) method based on copula function are proposed and developed under the flood regional composition framework. The proposed methods (i.e., CERC and MLRC) are tested and compared with the EFRC method in the Shuibuya-Geheyan-Gaobazhou cascade reservoirs located at Qingjiang River basin, a tributary of Yangtze River in China. Design flood values of the Gaobazhou reservoir site are estimated under the impact of upstream cascade reservoirs, respectively. Results show that design peak discharges at the Gaobazhou dam site have been significantly reduced due to the impact of upstream reservoir regulation. The EFRC method, not taking the actual dependence of floods occurred at various sub-basins into account; as a consequence, it yields an under-or overestimation of the risk that is associated with a given event in hydrological design. The proposed methods with stronger statistical basis can better capture the actual spatial correlation of flood events occurred at various sub-basins, and the estimated design flood values are more reasonable than the currently used EFRC method. The MLRC method is recommended for design flood estimation in the cascade reservoirs since its composition is unique and easy to implement.
Introduction
Design flood estimation is often required by engineers, hydrologists, and agriculturalists for the design of hydraulic structures, such as dams, bridges, or culverts. The choice of design flood values has a great impact not only on the investment and benefit of the project, but also on the safety of the infrastructures [1] [2] [3] [4] .
When sufficiently long observed flow records (the annual maximum peak discharge or flood volume series) at the interest site are available, the design flood values are generally estimated from flood frequency analysis. The main modeling problem in flood frequency analysis is the selection of a probability distribution for flood magnitudes coupled with the choice of parameter estimation
Flood Regional Composition

General Framework of Flood Regional Composition
A sketch diagram of natural rivers and reservoir systems is shown in Figure 1 , in which C denotes downstream site and z p represents flood characteristic variables (flood peak or volume) of site C with the corresponding design probability p. In the case of Figure 1a , when adequate observed flow data, i.e., the annual maximum peak discharge or flood volume series at site C is available, the general methodology of estimating design flood for site C is to derive the fitted theoretical distribution (e.g., P3 or LP3), representing the probability of z being exceeded based on the univariate distribution [3, 6] ). This conventional method is based on the assumption that the annual maximum flood series are statistically independent and identically distributed (i.i.d.) [5] . Once the reservoir A has been constructed at upstream of site C, as shown in Figure 1b , the operation rules of the upstream reservoir A should be involved in estimating design flood at site C. The inflow contributing watershed area to site C is divided into two parts, one is up to the reservoir A, and the other is the interval basin B between reservoir A and site C. In this condition, the flood regional composition framework is used to determine the design flood values at downstream site C under the influence of upstream reservoir A.
Flood regional composition is studied in the natural condition, which aims to search for an appropriate combination of corresponding floods that occurred at reservoir A and interval basin B by decomposition of floods occurred at downstream site C [16] . It represents the spatial relation between floods that occurred at various sub-basins and downstream site C in the natural condition. For a large or medium-size reservoir, the flood routing operation is usually controlled by the flood volume, so the regional combination is usually referred to flood volume for convenience.
Let random variables X, Y, and Z represent natural flood volume of the reservoir A, interval basin B, and downstream site C, respectively, with the corresponding values x, y, and z. According to the principle of water balance (the flood volume at site C is the summation of flood volume at reservoir A and interval basin B in the natural condition), all of the combinations (x, y) should be subjected to the following equation [11] :
x y z  
Once the combination (x, y) is determined using the flood regional composition method, the following procedure is used to calculate the design flood at site C: (1) Selecting a typical inflow hydrograph at the reservoir A and interval basin B from the observed inflow records, respectively; (2) calculating the corresponding design flood hydrograph at the reservoir A and the interval basin B by using the same flood amplification ratio of their respective typical flood hydrograph [15, 33] ; (3) routing these two corresponding design flood hydrographs through the reservoir A according to its operation rules; and, (4) obtaining the flood hydrograph and design flood value at site C under the influence of reservoir A operation by the summation of these two routed flow hydrographs, which is assigned the same probability with that of the natural condition [3, 11] .
Cascade reservoirs consisting of an upper and a lower reservoir is the most common and representative circumstance. Multi-reservoir system can be seen as various combinations of two reservoirs, so the two-reservoir case, as illustrated in Figure 1c , is taken as an example. In Figure 1c , A1 and A2 denote the upper and lower reservoirs, respectively; B1 and B2 denote the interval basins between A1 and A2, and A2 and C, respectively. Let random variables X, Y1, Y2, Z1 represent natural flood volume of the reservoir A1, interval basin B1, interval basin B2, and reservoir A2, respectively, and their corresponding values are x, y1, y2, and z1. Likewise, according to the principle of water balance, all of the combinations (x, y1, y2) should be subjected to the following equation [3, 11] : Once the reservoir A has been constructed at upstream of site C, as shown in Figure 1b , the operation rules of the upstream reservoir A should be involved in estimating design flood at site C. The inflow contributing watershed area to site C is divided into two parts, one is up to the reservoir A, and the other is the interval basin B between reservoir A and site C. In this condition, the flood regional composition framework is used to determine the design flood values at downstream site C under the influence of upstream reservoir A.
Cascade reservoirs consisting of an upper and a lower reservoir is the most common and representative circumstance. Multi-reservoir system can be seen as various combinations of two reservoirs, so the two-reservoir case, as illustrated in Figure 1c , is taken as an example. In Figure 1c and their corresponding values are x, y 1 , y 2 , and z 1 . Likewise, according to the principle of water balance, all of the combinations (x, y 1 , y 2 ) should be subjected to the following equation [3, 11] :
The similar procedure mentioned above in single reservoir system can be applied to estimate the design flood at site C under the impact of upstream cascade reservoirs A 1 and A 2 operation.
EFRC Method
The EFRC method is recommended by the Ministry of Water Resources of China [3] and is widely used in practice in China. For the sake of comparison, the EFRC method is reviewed and discussed both for single reservoir and cascade reservoirs.
For single reservoir, the EFRC method is described, as following:
(1) If design flood volume z p with probability p occurs at downstream site C and the equivalent frequency flood volume x p occurs at upstream reservoir A site, then the corresponding flood volume at interval basin B is given by
The [x p , z p , x p ] is an EFRC for single reservoir.
(2) If design flood volume z p with probability p occurs at downstream site C and the equivalent frequency flood volume y p occurs at interval basin B, then the corresponding flood volume at upstream reservoir A site is given by
The [z p − y p , y p ] is the other EFRC for single reservoir system. The EFRC method only considers two typical combinations, i.e., [x p , z p − x p ] and [z p − y p , y p ]. Actually, they are neither the MLRC, nor the worst regional composition. Generally speaking, if the flood characteristics of one sub-basin are closely linked with downstream site C, then the equivalent frequency flood is more likely to occur at this sub-basin.
For cascade reservoirs, the allocations of design flood volume z p follow the two-step procedure according to the equivalent frequency principle. At the first step, it is assumed that the equivalent frequency flood volume with downstream site C occurs at reservoir A 2 site, which is denoted as z 1p . As a consequence, the corresponding flood volume y 2 at interval basin B 2 is given by
At the second step, it is assumed that the equivalent frequency flood volume with reservoir A 2 site occurs at reservoir A 1 site, which is denoted as x p . The corresponding flood volume y 1 at interval basin B 1 is given by
The [x p , z 1p − x p , z p − z 1p ] is an EFRC for cascade reservoirs. Actually, there are four different EFRCs for the two cascade reservoirs. As the number of reservoirs (n) increases, the number of flood regional compositions (2 n ) will increase dramatically using the EFRC method.
Flood Regional Composition Methods Based on Copulas
In order to overcome the drawbacks of the EFRC method, two flood regional composition methods that can suit for arbitrary (perfect or not perfect) correlation are proposed both for single reservoir and cascade reservoirs that are based on copulas. The concept and procedure of the methods are described in following.
Joint Distribution Based on Copulas
Multivariate distribution construction using copulas was developed by Sklar [34] . Every joint distribution can be written in terms of a copula and its univariate marginal distributions. Copula is a function that connects multivariate probability distribution to its one-dimensional marginal distributions [35] . Let F xi (x i ) (i = 1, 2, . . . , n) be the marginal cumulative distribution functions (CDFs) of X i , the objective is to determine the multivariate distribution, which is denoted as H x1,x2, . . . ,xn (x 1 , x 2 , . . . , x n ) or simply H. Thus, the multivariate probability distribution H is expressed in terms of its margins and the associated dependence function, which is known as Sklar's theorem:
where C is copula and uniquely determined whenever F xi (x i ) are continuous, and captures the essential features of the dependence among the random variables. Different families of copulas have been proposed and described by Nelsen [35] . The Archimedean family is selected in our study because it can be easily constructed and applied to whether the correlation among the hydrological variables is positive or negative [20, 28, 29] . A large variety of copulas belong to this family. Four one-parameter Archimedean copulas, including the Gumbel-Hougaard (GH), Ali-Mikhai-Haq, Frank, and Cook-Johnson copulas, have been applied in frequency analysis by many authors [12, [23] [24] [25] [26] .
Among the four Archimedean copulas, the GH copula functions are the most widely used to construct the joint distribution of flood peak flows or flood volumes. The two-dimensional GH copula function is defined as [23] :
where C(u, v) is the two-dimensional copula function; u and v represent the marginal distribution functions; and, θ is the dependence parameter of copula, which can be estimated by Equation (9):
where τ is the Kendall's tau correlation coefficient. It is assumed that for a random sample of bivariate observations (x 1 , y 1 ), (x 2 , y 2 ), . . . , (x N , y N ), the Kendall's tau τ can be computed as [23] :
where N is the number of observations; sign = 1 if (
The three-dimensional asymmetric GH copula function is defined as [26] :
where C(u, v, w) is the three-dimensional copula function; u, v, and w represent the marginal distribution functions, respectively; θ 1 and θ 2 are the dependence parameters of copula, which can be estimated by the maximum likelihood method [36] . The Cramer-von Mises test is used to measure the goodness of fit of the copula distribution [37, 38] . The approximate p-value is computed by [39] 
Conditional Expectation Regional Composition (CERC) Method
The corresponding flood volume Y at the interval basin B is not unique given the flood volume of reservoir A site X = x. The occurrence probability of the case Y ≤ y varies with x, and the conditional CDF of Y can be expressed as
where F Y|X (y|x) is the conditional CDF of Y given X = x, and P is the non-exceedance probability. Given X = x, the conditional expected value of Y is given by Equation (14):
where
The CDFs of X and Y are F X (x) and F Y (y), respectively. Let U = F X (x) and V = F Y (y). Then, U and V are uniformly distributed random variables; and, u denotes a specific value of U, and v denotes a specific value of V. Using the copula function, the joint CDF F(x,y) can be expressed as F(x,y) = C(F X (x), F Y (y)) = C(u, v) [35] .
The conditional CDF F Y|X (y|x) and PDF f Y|X (y|x) can be expressed by Equations (15) and (16) using copula function, respectively.
where c(u, v) is the density function of C(u, v), and c(u, v) = ∂ 2 C(u, v)/∂u∂v; f Y (y) is the PDF of Y. Thus, Equation (14) can be rewritten as
Changing the integral variable from y to v, with the corresponding integral interval from (−∞, +∞) to [0, 1], the Equation (17) can be expressed as
If x can satisfy the water balance Equation (19) , then [x, E(y|x) ] is the CERC for single reservoir system.
For cascade reservoirs, let X, Y 1 , and Y 2 be random variables with marginal CDFs,
, and f Y 2 (y 2 ). C(u, v) and C(u, w) are the two-dimensional copula functions with PDFs c(u, v) =∂ 2 C(u, v)/∂u∂v and c(u, w) = ∂ 2 C(u, w)/∂u∂w.
Given X = x, E(y 1 |x) and E(y 2 |x) are the conditional expected values of Y 1 and Y 2 , respectively, which also can be calculated taking Equation (18) for reference. If x can satisfy the water balance Equation (20) , then the [x, E(y 1 |x) , E(y 2 |x) ] is the CERC for cascade reservoirs system.
Most Likely Regional Composition (MLRC) Method
As discussed above, all the possible flood regional compositions differ in terms of their probability of occurrence, which can be measured by the value of joint PDF of random variables X and Y, i.e., f (x, y), as follows [35] :
where f x (x) is the PDF of X. The combination (x, y) is more likely to occur when the value of density function f (x,y) is increased [20] . In order to search for the MLRC, the f (x, y) is maximized by subjecting water balance constraint in Equation (1) for given Z = z p . Substituting y = z p − x to Equation (21), then it leads to
In China, X and Y are usually considered to follow the P3 distributions [3] . The density functions of the P3 distribution and copula functions are continuous and unimodal [33, 40] . Therefore, the joint probability density function f (x, z p − x) must be continuous and unimodal. In this case, the first order derivative equals to zero will reach the maximum value, and the following equation should be satisfied
After simplification, Equation (23) leads to
where c = c(u, v), c 1 = ∂c/∂u, c 2 = ∂c/∂v; f X (x) and f Y (y) are the corresponding derived functions of PDFs. The corresponding marginal PDFs of X and Y can be expressed as [3, 41] :
where α x , β x , γ x and α y , β y , γ y are the shape, scale, and location parameters of P3 distributions for X and Y, respectively; Γ(α) is the gamma function. Then, f X (x) and f Y (y) can be represented as:
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Then, Equation (24) can be rewritten as
The dichotomy method can be used to solve nonlinear Equation (31), and the MLRC for single reservoir system (x, z p − x) will be obtained.
For cascade reservoir, the joint PDF of random variables X, Y 1 , and Y 2 can be expressed, as follows [42, 43] :
where c(u, v, w) is the PDF of C(u, v, w), and c(u, v, w) = ∂ 3 C(u, v, w)/∂u∂v∂w. For given Z = z p , the f (x, y 1 , y 2 ) is maximized subjected to water balance constraint in Equation (2). Substituting y 2 = z p − x − y 1 to Equation (32) leads to
Similarly, the first order derivative f (x, y 1 , z p − x − y 1 ) that is equal to zero will reach the maximum value, and the following equation should be satisfied
After simplification, Equation (34) lead to (25) to (30) for reference, then Equation (35) can also be rewritten as
where α x , β x , γ x ; α y 1 , β y 1 , γ y 1 and α y 2 , β y 2 , γ y 2 are the three (shape, scale and location) parameters of P3 distributions for X, Y 1 , and Y 2 , respectively. The Newton iteration method is used to solve nonlinear Equation (36) , and the MLRC for cascade reservoirs system (x, y 1 , z p, x, y 1 ) will be obtained.
Case Study
To exemplify the proposed methods, the Qingjiang cascade reservoirs in China are selected. As shown in Figure 2 , the Qingjiang River is one of the main tributaries of Yangtze River with a basin area of 17,000 km 2 . The mean annual rainfall, runoff depth, and annual average discharge are approximately 1460 mm, 876 mm, and 423 m 3 /s, respectively. The total length of the mainstream is 423 km with a hydraulic drop of 1430 m.
or equal to 13,000 m 3 /s, then the outflow of reservoir is equal to the inflow; if the inflow discharge is larger than 13,000 m 3 /s and the reservoir water level is less than 203.0 m (a.m.s.l.), then the outflow of reservoir is controlled within 13,000 m 3 /s; and, (4) When the reservoir water level has reached 203.0 m (a.m.s.l.), if the inflow discharge is larger than 13,000 m 3 /s and less than the spillway capacity, then the outflow of reservoir is equal to the inflow; otherwise, the outflow of the reservoir is equal to the spillway capacity. Along the Qingjiang River, a three-step cascade (Shuibuya, Geheyan, and Gaobazhou) reservoir has been constructed from upstream to downstream. The characteristic parameter values of these three reservoirs are given in Table 1 . The areas of the two interval basins, one is between Shuibuya and Geheyan reservoirs (Shui-Ge interval basin), and the other is between Geheyan and Gaobazhou reservoirs (Ge-Gao interval basin), are 3570 km 2 and 1220 km 2 , respectively. In this case study, design floods of the Gaobazhou reservoir site are estimated under the impact of Geheyan reservoir and Shuibuya-Geheyan cascade reservoirs operation, respectively; and, the results are compared with those of the natural condition to quantitatively evaluate the impact of upstream reservoirs. 
Natural River Flow Discharge Data Series
A common problem in the statistical analysis of river flow discharges is that watershed changes have occurred during the period of record so that values reflect a nonstationary condition. If the changes are mainly due to the construction of reservoirs, it is possible to adjust flow at a downstream gauge to natural condition by routing reservoir holdouts (increments of stored water) to the hydrologic gauge station adding the routed discharge to the observed discharge. The water balance equation is used to restore natural flow [11] , i.e., the stored water flow discharge of the reservoir is (37) where V(t) and V(t, 1) are reservoir storages at the end of interval t and t − 1, respectively (m 3 ); ∆t is the length of time interval (s); and, Q S is the stored water flow discharge (m 3 /s). The natural river flow discharge at gauge station is
in which
where Q N and Q O are the natural and observed river flow discharges at gauge station, respectively (m 3 /s); Q R is the reservoir stored water flow routed to the gauge station by the Muskingum method (m 3 /s); C 1 , C 2 ,and C 3 are routing coefficients that are defined in terms of ∆t, K (storage-time constant), and x (weighting factor), and they can be estimated by the Least Square method. In this study, K and x are eaual to 2 h and 0.45, respectively. The Shuibuya, Geheyan, and Gaobazhou cascade reservoirs have been built in the year of 2008, 1994, and 2001, respectively. There are three hydrologic gauge stations at these dam sites before the construction of reservoir, where the river flow discharge are observed. Therefore, the natural river flow discharge data series (from 1965 to 2010 with 3 h time interval) are restored and obtained by the above method.
There is no flow gauge station in the interval areas and the lateral flow is estimated by water balance equation and the Muskingum routing method. Taking the Shui-Ge inter-basin as an example, the lateral flow Q sg is estimated by
where Q s and Q g are the natural river flows of Shuibuya and Geheyan dam sites, respectively. Q s~g represents the natural river flow discharge at the Shuibuya dam site that was routed to the Geheyan dam site by the Muskingum routing method [44, 45] . The procedure introduced above is a standard procedure used in China for restoring river flow discharge data influenced by upstream reservoir. The data used in this study were provided by the Bureau of Hydrology of Yangtze River Water Resources Commission. They are reliable and have been widely used in the planning, design, operation, and management of water resources in the Qingjiang River basin.
Operation Rules of Shuibuya and Geheyan Reservoirs
As shown in Table 1 (1) If the inflow discharge is less than or equal to the design peak flow with probability 5% (the return period is 20 years), then the reservoir water level is controlled within 397 m (a.m.s.l.); (2) If the inflow discharge is greater than the design peak discharge with a probability of 5% (the return period is 20 years), but less than the spillway capacity, then the reservoir outflow equals to the inflow; otherwise, the reservoir outflow equals to the spillway capacity.
The flood control operation rules of Geheyan reservoir are described as follows [46, 47] .
(1) If the inflow discharge is less than or equal to 11,000 m 3 /s, then the outflow of reservoir equals to the inflow; 0 m (a.m.s.l.) , if the inflow discharge is larger than 13,000 m 3 /s and less than the spillway capacity, then the outflow of reservoir is equal to the inflow; otherwise, the outflow of the reservoir is equal to the spillway capacity.
Estimation of Marginal Distributions
According to the regulation characteristics of Shuibuya-Geheyan cascade reservoirs, three-day natural flood volumes (W 3 ) at Shuibuya, Geheyan, and Gaobazhou reservoir sites, Shui-Ge and Ge-Gao inter-basins, and natural peak flow (Q m ) at Gaobazhou reservoir site are all i.i.d. random variables and are assumed to follow P3 distributions. The parameters of these six P3 distributions are estimated by the curve-fitting method [3] , and the results are listed in Table 2 . A Chi-Square Goodness-of-fit test is performed to test the assumption, H 0 , that the flood magnitudes follow the P3 distribution. Table 2 shows that the assumption could not be rejected at the 5% significance level. 
Determinations of Joint Distributions
To study the impact of the Geheyan reservoir, both the CERC method and MLRC method need the (a) bivariate distribution of W 3 at Geheyan reservoir site and Ge-Gao inter-basin. To study the impact of Shuibuya-Geheyan cascade reservoirs, CERC method needs (b) bivariate distributions of W 3 at Shuibuya reservoir site and Shui-Ge inter-basin, and (c) bivariate distributions of W 3 at the Shuibuya reservoir site and Ge-Gao inter-basin. While MLRC method needs, the (d) trivariate distribution of W 3 at the Shuibuya reservoir site, Shui-G and Ge-Gao inter-basins. In this case study, these four (one for single reservoir and three for cascade reservoirs) joint distributions are used and are constructed using the GH copula functions, respectively.
Dependence parameters of the four joint distributions are estimated using Equation (9) or maximum likelihood method that is based on the observed data from 1965 to 2010 and the results are listed in Table 3 . The Cramer-von Mises test is used to measure the goodness of fit of the copula distribution. The p-values of the four joint distributions are calculated and also listed in Table 3 . It is illustrated from Table 3 that the assumption that variables (a) (b) (c), and (d) follow GH copula function cannot be rejected at 5% significance level with p-values that are all larger than 0.05.
In flood frequency analysis, the Pearson type III distribution and the curve fitting method have been recommended by the Ministry of Water Resources, China [3] . Here, we plot empirical and theoretical joint CDFs to test the fitting ability. A two-dimensional table is constructed in which the variables X and Y are arranged in ascending order. The empirical joint CDF (P ei ) can be computed by the Gringorten plotting-position formula [23] :
where L m,n is the number of occurrences of the combinations of x i and y i . Likewise, a three-dimensional table also can be constructed in which the variables X, Y and Z are arranged in ascending order. The empirical joint CDF also can be computed by the Gringorten plotting-position formula [25] :
T m,n,r − 0.44
where T m,n,r is the number of occurrences of the combinations of x i , y j , and z k . The empirical joint CDFs calculated by Equations (41) and (42) and theoretical values for four joint CDFs that are mentioned above are plotted in Figure 3 , which show an overall satisfactory agreement of between the empirical and theoretical joint CDFs.
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The Impact of Geheyan Reservoir Operation
The EFRC, CERC, and MLRC methods for single reservoir were used to analyse flood regional composition of Geheyan reservoir site and Ge-Gao interval basin.
(1) EFRC method It is assumed that the equivalent frequency floods occur at the Gaobazhou reservoir site and the Geheyan reservoir site, while the corresponding flood occurs at the Ge-Gao interval basin.
(2) CERC method A given flood occurs at Geheyan reservoir site, while the conditional expected value occurs at Ge-Gao interval basin, and then the conditional expected composition can be determined by the trial and error method.
(3) MLRC method
The maximum value of joint PDF is taken as the objective to determine the most likely composition from the perspective of occurrence probability.
Flood regional compositions of design flood volume at the Gaobazhou reservoir site are calculated based on the three methods mentioned above. Therefore, the three-day flood volume proportions of Geheyan reservoir site and Ge-Gao interval basin are calculated, and the results are listed in Table 4 . It is shown in Table 4 that the proportions of the Ge-Gao interval basin are constant (8.3%) with different design frequencies at the Gaobazhou reservoir site by the EFRC method. The MLRC method exhibits that when flood with return period exceeding 20 years occurs at Gaobazhou reservoir site, the proportions of Geheyan reservoir site range from 89.0% to 89.9%, which is smaller than its proportion of area (92.2%); the proportions of the Ge-Gao inter-basin range from 10.1% to 11.0%, which is larger than its proportion of area (7.8%); it is also shown that the flood volume at the Gaobazhou reservoir site is largely dependent on the flood volume at the Geheyan reservoir site, and the proportion of the Geheyan reservoir site decreases gradually as design flood magnitude at the Gaobazhou reservoir site increases. Generally speaking, the bigger the flood proportion of the Geheyan reservoir site, the larger the impact on design floods at Gaobazhou the reservoir site.
Maximum three-day flood hydrographs in 1997 are selected as the typical floods. The corresponding flood hydrographs with different design frequencies for these three methods at the Geheyan reservoir site and Ge-Gao interval basin are obtained by the same flood amplification ratio [14, 15] . Taking the most likely method as an example, the results are plotted in Figure 4 .
Water 2018, 10, x FOR PEER REVIEW 15 of 22
where QN represents the peak discharge under natural condition; QE is the peak discharge estimated by one of these methods (i.e., EFRC, CFRC, and MLRC) under the impact of upstream reservoir operation. As shown in Table 5 , all of the design peak discharges at the Gaobazhou reservoir site have been reduced due to the impact of Geheyan reservoir operation, e.g., for 100-year design values, the reduction ranges from 5360 m 3 /s to 5900 m 3 /s. In general, the differences among the methods are not large. For return periods between 20 and 1000 years, the maximum variation of reduction rate among these three methods is about 3.3%. However, the design values of EFRC method are systematically smaller than those of the two methods based on copulas and thus yield an underestimation, which may lead to an increased risk in the hydrological design.
The CFRC and MLRC methods can better capture the spatial correlation of floods that occurred at the Geheyan reservoir site and the Ge-Gao inter-basin. Thus, these two methods with stronger statistical basis are found more reasonable to estimate design floods under the influence of Geheyan reservoir operation.
Impact of Shuibuya-Geheyan Cascade Reservoirs Operation
Similarly, these three methods were used to analyse flood regional compositions of the Shuibuya reservoir site, Shui-Ge and Ge-Gao inter-basins.
(1) EFRC method For each method, the two design flood hydrographs at the Geheyan reservoir site and Ge-Gao inter-basin are routed through the Geheyan reservoir by taking into account of its operation rules (see Figure 4) . The peak discharges at the Gaobazhou reservoir site with different return periods by these three methods under the impact of upstream Geheyan reservoir operation are summarized in Table 5 , in which the Reduction Rate (RR) calculated by the following equation: 43) where Q N represents the peak discharge under natural condition; Q E is the peak discharge estimated by one of these methods (i.e., EFRC, CFRC, and MLRC) under the impact of upstream reservoir operation. As shown in Table 5 , all of the design peak discharges at the Gaobazhou reservoir site have been reduced due to the impact of Geheyan reservoir operation, e.g., for 100-year design values, the reduction ranges from 5360 m 3 /s to 5900 m 3 /s. In general, the differences among the methods are not large. For return periods between 20 and 1000 years, the maximum variation of reduction rate among these three methods is about 3.3%. However, the design values of EFRC method are systematically smaller than those of the two methods based on copulas and thus yield an underestimation, which may lead to an increased risk in the hydrological design.
(1) EFRC method It is assumed that the equivalent frequency floods occur at the Gaobazhou reservoir site and the Geheyan reservoir site, the corresponding flood occurs at Ge-Gao inter-basin; while the equivalent frequency floods also occur at Shuibuya reservoir site and Geheyan reservoir site, and the corresponding flood occurs at Shui-Ge inter-basin.
(2) CERC method A given flood occurs at Shuibuya reservoir site, while the conditional expected values occur at the Shui-Ge and Ge-Gao inter-basins, respectively. Then, the conditional expected composition can also be determined by the trial and error method.
(3) MLRC method
The maximum value of joint PDF is taken as the objective to determine the most likely composition from the perspective of probability occurrence.
Flood regional compositions of design flood volume at the Gaobazhou reservoir site are calculated based on these three methods mentioned above. Therefore, the three-day flood volume proportions of Shuibuya reservoir site, Shui-Ge and Ge-Gao inter-basins are calculated and the results are listed in Table 6 . It is seen from Table 6 that the proportions of Ge-Gao inter-basin are constant (8.3%) with different design frequencies at the Gaobazhou reservoir site by the EFRC method. This consequence occurs because of the unreasonable assumption in the traditional EFRC method. The control area of Ge-Gao interval basin is 1220 km 2 , constituting 7.8% of the control area of the Gaobazhou reservoir. In addition, the design floods of the Geheyan and Gaobazhou reservoirs are both based on the Changyang hydrological gauge station. The P3 parameters for annual maximum W 3 series for Geheyan and Gaobazhou reservoir are quite similar with scale and shape parameters almost equal to each other (Table 2 ). Therefore, their design floods almost change by ratio and the proportions of Ge-Gao interval basin are approximately constant (8.3%) and independent of the design frequency under the equivalent frequency assumption. Results of the MLRC method exhibit that when flood with return period exceeding 20 years at Gaobazhou reservoir site occurs, the proportions of Shuibuya reservoir site range from 57.4% to 61.1%, which is smaller than its proportion of area (69.4%); the proportions of Shui-Ge inter-basin range from 29.2% to 31.8%, which is larger than its proportion of area (22.8%); the proportions of Ge-Gao inter-basin range from 9.7% to 10.8%, which is larger than its proportion of area (7.8%). It is also shown that the floods at the Gaobazhou reservoir site are mainly dependent on the floods at Shuibuya reservoir site, and the proportion of the Shuibuya reservoir site decreases gradually with the increase of the design flood magnitude at the Gaobazhou reservoir site.
Maximum three-day flood hydrographs in 1997 are selected as the typical floods. The corresponding flood hydrographs with different design frequencies for the three methods at the Shuibuya reservoir site, Shui-Ge and Ge-Gao inter-basins are obtained by the same flood amplification ratio. Taking the MLRC method as an example, the results are plotted in Figure 5 .
For each method, the three design flood hydrographs at the Shuibuya reservoir site, Shui-Ge and Ge-Gao inter-basins are routed through the Shuibuya-Geheyan cascade reservoirs by taking into account of their respective operation rules (see Figure 5 ). The flow hydrographs at Gaobazhou reservoir site are derived and the peak discharges under the influence of Shuibuya-Geheyan cascade reservoirs operation are obtained.
Peak flows at Gaobazhou reservoir site with different return periods in the natural condition and that estimated by three methods under the influence of Shuibuya-Geheyan cascade reservoirs are summarized in Table 7 . The reduction rate (RR), defined by Equation (46) , and is also shown in Table 7 . The results in the Table 7 also imply that all of the design peak discharges at the Gaobazhou reservoir site have been reduced due to the impact of the upstream Shuibuya-Geheyan cascade reservoirs operation, e.g., for 100-year design peak flow, the reduction ranges from 6710 m 3 /s to 6920 m 3 /s. For return periods between 20-and 1000-year, the maximum variation of reduction rate among these three methods is about 3.0%.
CERC
It is found that the design values of EFRC method are smaller than those of the two methods that are based on copulas for return periods of 1000-, 500-, 100-, and 50-year, while greater for return periods of 200-and 20-year. It is suggested that the traditional EFRC method which assumes that the floods occurred at Gaobazhou reservoir site, Geheyan reservoir site and Shuibuya reservoir site are perfectly correlated may lead to an under-or overestimation of the risk in hydrological design. The CERC and MLRC methods have considered the actual spatial correlation of floods occurred at the Shuibuya reservoir site, Shui-Ge and Ge-Gao inter-basins. These two methods with a stronger statistical basis are also more reasonable than the EFRC method for estimating design floods under the impact of the Shuibuya-Geheyan cascade reservoirs operation.
Discussion
The design flood estimation results at the Gaobazhou reservoir site under the impact of Geheyan reservoir and Shuibuya-Geheyan cascade reservoirs were analyzed using three different methods. The findings and their implications are discussed, as follows.
The currently used EFRC method that assumes the perfect correlation (i.e., correlation coefficient is equal to 1) between peak floods occurred at one sub-basin and downstream site does not always conform to the actual situation. To overcome this drawback of the EFRC method, the CERC and MLRC methods that loose the assumption of perfect correlation are proposed. Compared with the EFRC method, the CERC and MLRC methods only add correlation coefficients (or parameters) of flood volumes between sub-basins. These parameters can be easily estimated by the available methods [23, 28, 35] . The proposed methods are found to be more flexible in hydrological design compared with EFRC method.
Although no huge differences can be shown from the results estimated by EFRC, CERC, and MLRC methods in this case study, it should be noted that the Qingjiang basin belongs to a middle sized basin that the equivalent frequency flood at each sub-basin is likely to occur with downstream site. Figure 6 shows that differences between Ge-Gao and Shui-Ge inter-basins, on which P sby , P ghy , and P gbz represent the exceedance probability of 3-day flood volume for Shuibuya, Geheyan and Gaobazhou reservoir sites, respectively. The straight lines show the conditions when exceedance probability of three-day flood volume for Geheyan and Gaobazhou, Shuibuya and Geheyan are identical, respectively. It is seen that the equivalent frequency floods at Geheyan and Gaobazhou reservoir sites are more likely to occur in comparing with the Shuibuya and Geheyan reservoir sites. This difference is due to that the area proportion of Ge-Gao inter-basin (7.8%) is smaller than that of Shui-Ge inter-basin (24.7%). The difference of results for these methods will be increased as the proportion of the inter-basin area increases.
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Conclusions
Reservoirs operation alters the natural flow regime at downstream site and thus has a great impact on the design flood values. The operation rules of the upstream reservoirs should be involved in estimating downstream design floods. In this study, two new flood regional composition methods, i.e., the CERC method and MLRC method both for single reservoir and cascade reservoirs were proposed and developed based on copulas. The Shuibuya-GeheyanGaobazhou cascade reservoirs located at the Qingjiang River basin were selected as the case study and the design flood estimation results of the proposed methods were compared with those of the traditional EFRC method. The main conclusions are summarized as follows:
(1) Design peak discharges at the Gaobazhou reservoir site have been reduced significantly due to the impact of upstream reservoirs operation when compared with those in the natural condition. Moreover, the impact of Shuibuya-Geheyan cascade reservoirs is greater than that of only Geheyan reservoir being taken into consideration. (2) The comparison between the current EFRC method and the proposed CERC and MLRC methods that were based on copulas demonstrates that the EFRC method not taking the actual dependence of floods occurred at various sub-basins into account; as a consequence, it yields an under-or overestimation of the risk that is associated with a given event in hydrological design. Moreover, when the control area of the inter basin is relatively small, the EFRC may lead to unreasonable results due to the perfect correlation assumption between flood events occurred at sub-basin and downstream site. The new methods with stronger statistical basis overcome the main drawback of EFRC method and can better capture the actual spatial correlation of flood events that occurred at various sub-basins, and the estimated design flood values are more reasonable than the currently used EFRC method. (3) The EFRC method can only be applied step by step to complex cascade reservoirs system, which is not only difficult to implement, but also subjective to some degree. As the number of cascade reservoirs (n) increases, the number of EFRCs (2 n ) will increase dramatically. Therefore, the MLRC method is recommended for design flood estimation in the complex cascade reservoirs since its composition is unique and easily implementable. 
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